Abstract-Electromechanical delay (EMD) is a biological artifact that arises due to a time lag between electrical excitation and tension development in a muscle. EMD is known to cause degraded performance and instability during neuromuscular electrical stimulation (NMES). Compensating for such input delay is complicated by the unknown nonlinear muscle force-length and muscle force-velocity relationships. This paper provides control development and a mathematical stability analysis of a NMES controller with a predictive term that actively accounts for EMD. The results are obtained through the development of a novel predictor-type method to address the delay in the voltage input to the muscle. Lyapunov-Krasovskii functionals are used within a Lyapunov-based stability analysis to prove semi-global uniformly ultimately bounded tracking. Experiments on able-bodied volunteers illustrate the performance and robustness of the developed controller during a leg extension trajectory following task.
I. INTRODUCTION

R
EHABILITATION through neuromuscular electrical stimulation (NMES) (also called functional electrical stimulation (FES) for specific functional tasks) can be applied as a treatment to improve the activities of daily living for some physically impaired individuals. These individuals include persons who have completely absent or limited functional control of limbs or organs due to the impeded neural communication with central nervous system and/or brain (e.g., some types of spinal cord injury, traumatic brain injury, multiple sclerosis, stroke) [1] . Provided the peripheral nervous system is not harmed during the original disease or primary injury, NMES can be used as an artificial application of electrical potential across a muscle group as a treatment to rehabilitate or revive functionality. NMES has the potential to be prescribed as a treatment for advanced functional tasks (e.g., gait retraining) if the resulting limb motion could be accurately and precisely controlled. Based on this motivation, N. Sharma is with the Department of Physiology, University of Alberta, Edmonton, AB, T6G 2E1 Canada (e-mail: nitin2@ualberta.ca).
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researchers have developed various closed-loop strategies (c.f.
[2]- [14] and the references therein). Recently, efforts have been made to develop nonlinear control techniques [5] , [15] - [19] to obtain improved error performance and/or asymptotic tracking [5] , [17] , [18] (proven through a closed-loop stability analysis), even in the presence of bounded exogenous disturbances [17] , [18] . However, several open challenges persist due to the uncertain nonlinear musculoskeletal dynamics, time-dependent muscle force reduction due to fatigue, unmodeled disturbances such as muscle spasticity or external changes in muscle loads, delayed muscle response, etc. In particular, this paper focuses on the development of a NMES control method to actively compensate for electromechanical delay (EMD) in the muscle response. EMD is a function of a number of phenomena including: finite propagation time of the chemical ions in the muscle, crossbridge formation between actin-myosin filaments, stretching of the series elastic components in response to the external electrical input, synaptic transmission delays, and others [20] - [22] . In [6] , EMD is defined as the electromechanical response time that represents the time difference between the moment when the electromyogram (EMG) signal is generated and the moment when the muscle force occurs. In results such as [5] , [15] , and the current result, the EMD is modeled as an input delay in the musculoskeletal dynamics. Input delay can cause performance degradation and has also been reported to potentially cause instability during human stance experiments [23] . Despite the fact that EMD is exhibited in muscle response and can lead to instability, no NMES controller has been developed to actively compensate for this phenomena. Previous results such as [6] and [23] - [25] examine EMD effects by implementing a standard PD controller during stance (or quiet standing) experiments that show robustness to the delays. The controllers in such results are not modified to include a delay compensation term. These results have no mathematical proof of stability when the plant has uncertainties, nonlinearities, and/or disturbances. This is in contrast to the development in this paper which is later described in the introduction and the subsequent sections as the "PD controller with delay compensation". This controller actively compensates for the EMD using the predictor-based term and is mathematically shown to achieve an uniformly ultimately bounded tracking for an uncertain nonlinear musculoskeletal system with additive disturbance.
Various methods exist in the general time-delay control literature to compensate for actuator or input delay, but the existing approaches such as Smith predictor methods [26] , Artstein model reduction [27] , finite spectrum assignment [28] , and continuous pole placement [29] are applicable to only linear plants. The control problem becomes especially complicated when parametric uncertainties, nonlinearity, and additive disturbances are considered. Adaptive Posicast Controllers have also been developed for uncertain linear systems with delays and for automotive applications in [30] - [32] . The few approaches that have been developed for input delayed nonlinear systems include modified Smith Predictor-based control methods and passivity-based architectures for state synchronization [33] - [36] . These techniques either require or assume a known nonlinear plant model or an adaptive estimate of the nonlinear plant. In [37] and [38] , approaches are provided to construct LyapunovKrasovskii (LK) functionals for stabilizing input delayed nonlinear system in feedback form and nonlinear cascade systems, where the delay can enter the system through the input or the states. The work in [39] - [41] provide fundamental contributions to the input delay problem in feedforward systems, but its applicability to general uncertain mechanical systems modeled by Euler-Lagrange dynamics (e.g., a musculoskeletal dynamics driven by NMES ) is not clear. A method to transform a cart-pendulum system (a typical example of Euler-Lagrange system) to a feedforward system and subsequently to design a tracking controller was provided in [42] . These transformations require exact model knowledge, thus the technique is not applicable when the system parameters are unknown or dynamics are uncertain, which implies that methods developed for feedforward systems with delay may not be applicable to uncertain musculoskeletal dynamics. In [43] and [44] , a backstepping approach that utilizes ODE-PDE cascade transformation for input delayed systems is extended to nonlinear control systems with an actuator delay of unrestricted length. The results in [45] - [47] utilize controllers developed for delay-free systems and prove robustness to the delay provided certain delay dependent conditions hold true. Also, these results only establish local exponential or asymptotic stability for a zero/stationary solution of uncertain nonlinear systems (linearized about a setpoint). Unlike the current paper that utilizes a predictor-based method to compensate for the input delay in uncertain musculoskeletal system (without linearization), prior results lack applicability as a stabilizing control for an input delayed musculoskeletal system or any nonlinear plant with parametric uncertainty and/or additive bounded disturbances.
Recently, a predictor-based control method was developed for an uncertain input delayed system with additive disturbances [48] . This result suggests that a PD/PID controller can be augmented with a delay compensator that contains a finite integral of past control values to transform the delayed system into a delay-free system. Building on the results in [48] , this paper focuses on the development of a tracking controller for a nonlinear musculoskeletal system with input delay, where the time delay is assumed to be a known constant. The dynamics include parametric uncertainty and additive bounded disturbances. The control design and stability analysis yields a PD controller with an augmented predictor component. The key contributions of this effort are the design of a delay compensating auxiliary signal to obtain a time delay free open-loop error system and the construction of a LK functional to cancel the time delayed terms. An LK functional containing a finite integral of control input values is used in a Lyapunov-based analysis that proves the tracking error is semi-global uniformly ultimately bounded. Two sets of experiments were performed on able-bodied individuals. The first set of experiments was performed to characterize input delay in NMES with respect to voltage amplitude, and the second set of experiments highlights the added value of including the delay compensating term in the control design.
II. MUSCLE ACTIVATION AND LIMB MODEL
The uncertain nonlinear musculoskeletal dynamics for the torque about the one-degree of rotational freedom knee-joint for a person using a leg extension machine (see Fig. 1 ) is given as [5] , [18] (1)
In (1), denotes the inertial force about the knee-joint axis, denotes the elastic torque due to joint stiffness, denotes the gravitational moment, denotes the viscous torque due to damping in the musculotendon complex, represents unknown unmodeled bounded disturbances, and denotes the delayed torque production at the knee joint, where denotes the EMD. The inertia and gravitational effects in (1) are modeled as where , , denote the angular position, velocity, and acceleration of the lower shank about the knee-joint, respectively, denotes the unknown inertia of the combined human shank-foot and machine, denotes the unknown combined mass of the shank-foot and machine, is the unknown distance between the knee-joint and the lumped center of mass of the leg-machine system, and denotes the gravitational acceleration. The elastic force is modeled as [49] (2) where are unknown coefficients. The viscous moment is modeled as [5] ( 3) where , , and are unknown constants. The torque produced about the knee is controlled through muscle forces that are elicited by NMES. For simplicity (and without loss of generality), the subsequent development focuses on producing knee torque through muscle tendon forces generated by electrical stimulation of the quadriceps (i.e., antagonistic muscle forces are not considered). The total muscle force is a net sum of active force generated by contractile, elastic, and viscous elements [18] . The muscle force generated at the tendon is the projection of net sum of these elements along the line parallel to the tendon. The force development in the muscle is delayed due to the finite propagation time of chemical ions such as Ca and action potential along the T-tubule system, cross-bridge formation between actin and myosin filaments, the subsequent tension development, and the stretching of the series elastic components by the contractile components in the muscle [20] - [22] . The EMD is influenced by factors such as fatigue, rate of force production, and types of muscle contractions. The total delayed muscle force generated at the tendon, denoted by , is defined as (4) In (4), denotes an unknown nonlinear function of the muscle length and velocity, and the applied voltage potential across the quadriceps muscle, denoted by , includes the time delay to capture the latency that is present between the application of voltage and force production [5] , [15] . The introduction of the unknown nonlinear function enables the muscle contraction to be considered under general dynamic conditions in the subsequent control development. The uncertain and unknown function captures the dynamic characteristics of muscle recruitment (approximated by a continuously differentiable function), muscle force-length and muscle force-velocity relationships, and active and passive muscle characteristics [18] , [19] . The knee torque is related to the muscle tendon force as (5) where denotes a positive moment arm that changes with the extension and flexion of the leg [50] , [51] .
The model developed in (1)- (5) is used to examine the stability of the subsequently developed controller, but the controller does not explicitly depend on these models. The following assumptions and notations are used to facilitate the subsequent control development and stability analysis.
Assumption 1: The moment arm is assumed to be a nonzero, positive, bounded function [50] , [51] whose first two time derivatives exist, and based on the empirical data [52] , [53] , the function is assumed to be a nonzero, positive, and bounded function with a bounded first and second time derivatives.
Assumption 2: The auxiliary nonzero unknown scalar function is defined as (6) where the first and second time derivatives of are assumed to exist and be bounded (see Assumption 1).
Assumption 3: The unknown disturbance is bounded and its first and second derivatives with respect to time exist and are bounded. Based on Assumptions 1 and 2, the ratio denoted as is also assumed to be bounded and its first and second derivatives with respect to time exist and are bounded.
Assumption 4: Based on Assumption 1, the ratio , denoted as , can be upper bounded as (7) where are known constants. Assumption 5: Since the scope of this initial development involves only one type of dynamic contraction and constant stimulation frequency, the input delay is assumed to be a known constant. This assumption is reasonable based on the data provided in the subsequent experimental results section that quantifies the EMD under a specific set of conditions (e.g., muscle fatigue effects are not considered). However, the development of a controller that does not require this assumption is an open theoretical challenge that is the focus of future efforts.
Notation: A delayed state in the subsequent development and analysis is denoted as or as while a nondelayed state is denoted as or as .
III. CONTROL DEVELOPMENT
A. Objective
The objective is to develop a controller that will enable the knee angle of the input delayed musculoskeletal dynamics in (1) to track a desired trajectory, denoted by . A tracking error, denoted by , is defined to quantify the objective as (8) To facilitate the subsequent design and stability analysis, an auxiliary error signal is defined as (9) where are known constants (control gains). The unknown force-length, force-velocity, and moment arm relationships, represented by auxiliary function in (6) , and the EMD present challenges for the subsequent control design. To facilitate the subsequent stability analysis, the error between and is defined by (10) where satisfies the following:
where denotes a known constant. The open-loop tracking error system can be developed by multiplying the time derivative of (9) by and utilizing the expressions in (1), (8) , and (10) to obtain (12) where nonlinear functions and are defined as Let be defined as where the notation represents , expressed in terms of desired limb position and velocity. Based on (12) and the subsequent stability analysis, the voltage input is designed as (13) where is a known control gain that can be expanded as (14) to facilitate the subsequent analysis, where , , and are known constants. The closed-loop error system is determined by adding and subtracting to (12) and using (9) and (13) as (15) where the auxiliary terms are defined as (16) where and can be upper bounded as (17) In (17), is a known constant, the bounding function is a positive globally invertible nondecreasing function, and is defined as (18) where is defined as Based on (15) and the subsequent stability analysis, LK functionals are defined as (19) where is a known constant. Theorem 1: The controller given in (13) ensures semi-global uniformly ultimately bounded tracking (20) where denote constants, provided the control gains and introduced in (9) and (13), respectively are selected according to the sufficient conditions (21) where the known positive constants are defined in (7), (9), (11) , and (19), respectively.
Remark 1: The second sufficient gain condition in (21) can be satisfied by selecting , and sufficiently small and sufficiently large, provided
The condition that indicates that the constant approximation matrix must be chosen sufficiently close to so that . Experimental results illustrate the performance/robustness of the developed controller with respect to the estimate mismatch.
Proof: Let be
A positive definite Lyapunov functional candidate is defined as (23) and satisfies the following:
where are known constants. Taking the time derivative of (23) and using (9) and (15) yields (25) where the Leibniz integral rule was applied to determine the time derivative of and . Using (7) and (17), the terms in (25) can be upper bounded as (26) The following terms in (26) can be upper bounded by utilizing Young's inequality: (27) where is a known constant that is selected as Further, by using the Cauchy Schwarz inequality, the following term in (27) can be upper bounded as:
After adding and subtracting to (26) , and utilizing (13), (14) , (27) , and (28), the following expression is obtained: (29) By completing the squares, the inequality in (29) can be upper bounded as (30) where is denoted as Since the expression in (30) can rewritten as (31) Using the definitions of in (18), in (22) , and in (13), the expression in (31) can be upper bounded as (32) where is for some . By further utilizing (24), the inequality in (32) can be written as (33) Consider a set defined as (34) For , the linear differential equation in (33) can be solved as (35) provided the control gains and are selected according to the sufficient conditions in (21) (i.e., a semi-global result). The result in (20) can now be obtained from (35) . Based on the definition of , the result in (35) indicates that in . Given that in , (8), (13) , and (9) indicate that in .
IV. EXPERIMENT RESULTS
Experiments were conducted on a testbed which consists of a custom computer controlled stimulation circuit and a modified leg extension machine (LEM) depicted in Fig. 1 . The LEM was modified to include optical encoders to measure the knee angle and a mechanical stop to prevent knee hyperextension. The encoder has a resolution of 0.018 with a frequency response of 150 kHz. The LEM allows seating adjustments to ensure the rotation of the knee is about the encoder axis. Bipolar self-adhesive neuromuscular stimulation electrodes were placed over the distal-medial and proximal-lateral portion of the quadriceps femoris muscle group of the volunteers. The electrodes were connected to a custom stimulation circuitry which generates a fixed pulsewidth and a user-specified constant frequency stimulation train. Specifically, a nonsinusoidal square wave (pulse train) with constant pulsewidth and constant frequency was used.
Two sets of experiments were performed on nonimpaired male and female subjects (as in our previous study in [18] ) with age ranges of 20 to 35 years, with written informed consent as approved by the Institutional Review Board at the University of Florida. Support for our selection of a noninjured population for this study is based on the fact that the electrical stimulation responses of nonimpaired subjects have been reported as similar to paraplegic subjects' responses [10] , [11] , [15] , [54] . The objective of the first set of experiments was to characterize the input delay with respect to voltage (i.e., to investigate the input delay variation with respect to stimulation voltage). The other input delay dependencies such as stimulation frequency or pulsewidth are not reported as in the controller performance trials only stimulation voltage was varied while the stimulation frequency and pulsewidth were kept constant. Also, the delay dependencies on other stimulation parameters and factors such as fatigue are beyond the scope of this paper. The objective of the second set of experiments was to enable the lower leg to follow a desired continuous angular trajectory. The results in both experiments are examined through statistical analysis: Analysis of variance (ANOVA) method and Student's t-test were employed. To ensure that the collected data satisfies the assumptions of these tests, proper measures and protocols were followed. Specifically, subjects were unaware of the control method and the voltage factor being implemented, these results obtained were not disclosed to the subject, and the protocols were implemented in random order. These measures ensure that the data samples are independent. For, each method, the data samples were checked for normal distribution. Also, the data collected in the first set of experiments was checked for equality in variances. Since a paired t-test was employed for the second set of experiments, an "equality in variance test" is not required.
A. Experiments: Input Delay Characterization
Experiments were conducted to characterize input delay in healthy individuals during NMES. The EMD was measured as the difference between the time when voltage is applied at the electrode sites on the skin and the time when the angle encoder detects the first leg movement. Although in [21] , [22] , and [55] the EMD is measured as the time lag between the onset of muscle electrical activity (electromyogram, EMG) and tension development in human muscle, the method employed in this study is practical for use during NMES since firstly, significant (and sometimes questioned) filtering efforts are required to reliably measure EMG signal during NMES; secondly, the employed method accounts for total time course taken by the applied voltage at the electrode-skin interface to the observation of leg movement (analogous to muscle force production).
The delay between applied voltage and muscle response is most valuable when design and control of NMES protocols is the goal. Note, due to the different method employed to measure EMD and particular type of muscle contraction considered in experiments, the measured EMD values can be or are different from the values reported in the literature. 1 The input delay values were measured for ten healthy individuals (nine male and one female; age: 20 to 35 years). Tests on each individual were performed to investigate changes in the EMD as a result of variable voltage levels with fixed pulsewidth and frequency (i.e., the same conditions for the subsequent amplitude modulated control implementation). Before the start of experiments, the subject was instructed to relax to avoid voluntary leg motion. The threshold voltage was measured for each subject which can be defined as the minimum applied voltage that produces a movement large enough to be detected by the angle encoder. This measurement was performed by applying a constant input voltage, beginning at 10 V and increasing the voltage slightly until movement was detected. The frequency was kept at 30 Hz and the pulsewidth was kept at 100 s. Four experiments were performed for different voltages (threshold voltage + additional voltage), where additional voltage was varied between 5 and 20 V in increments of 5 V. Also, note that the selection of pulsewidth (i.e., 100 s) could be changed to yield different results. The current study characterizes EMD during NMES for a limited range of voltages (5-20 V above a subject's threshold voltage). It was observed that during leg extension experiments the applied voltage did not go above any subject's threshold voltage by 20 V; therefore, the voltage in the first set of experiments was kept within this range. However, for a complete EMD characterization study a wider range of voltages needs to be investigated.
The test consisted of measuring the input delay of the subject's muscle for three 0.2-s impulses, each 5 s apart. Each impulse imparted a constant voltage (threshold voltage + additional voltage) to the muscle. The 5-s time separation between the impulses allowed the subjects to voluntarily bring their leg back to the rest position. Fig. 2 shows the typical EMD during NMES (as a representative example). Table I indicates the summarized input delay variations with respect to varying voltage. ANOVA tests were performed to determine the statistical significance between the means of data groups. Since one of the ANOVA test's assumption requires that the data samples belong to a normal distribution population, a Shapiro-Wilk test was employed. Also, to ensure that the data satisfies the equal variance test, a Levene's test was utilized. P-values greater than 0.05 were obtained in both tests which indicate that the data samples have equal variance and belong to a normally distributed population. The ANOVA results of the voltage experiments (see Fig. 3 ) showed no significant difference between stimulation voltage and electromechanical delay . These findings indicate that Assumption 5 is reasonable since there is no statistical differences in the EMD across subjects due to amplitude modulation.
B. Experiments: Control Results
The control objective of the second set of experiments was to track a continuous constant period (2 s) sinusoidal trajectory. Three healthy males and one female (age 20-28 years) were chosen as the test subjects. For each session, a pretrial test was performed on each volunteer to find: 1) the appropriate initial voltage for the controller to reduce the initial transient error; 2) minimum or threshold voltage to be added to the computed controller voltage; and 3) maximum or saturation voltage to keep the leg movement within mechanical constraints (the maximum knee angle is also constrained by mechanical stop to avoid hyperextension). After the pretrial tests, the input delay value was measured for each subject. Input delay for each healthy individual was measured as a difference between the time when the voltage is applied and the time when first leg movement is observed. The measured delay value was utilized for implementing the new controller (PD controller with delay compensation) and throughout the duration of trials, the same respective measured delay value was used for each subject. Each subject participated in two to four trials of a 20-s duration for each controller, depending on volunteer availability, where a rest period of 5 min was provided between the experimental trials. A frequency of 30 Hz and 400 s pulsewidth were used for stimulation while the voltage was modulated. The choice of these stimulation parameters is within the ranges typically reported during NMES studies [56] . Also, note that a different pulsewidth (e.g., 100 s) could have been utilized. Importantly, the impact of altering pulsewidths on muscle behavior is predictable (based on strength-duration curves) across different voltages and frequencies including those chosen for the current study [57] , [58] . This means a different choice of pulsewidth would not have altered the findings reported below.
The main goal of the experiments was to quantify the added value of the delay compensation terms. Specifically, a traditional PD controller and the developed PD controller with the added delay compensation (identified as PD+CTR in Table II) were randomly implemented to enable the lower shank to track a continuous constant period (2 s) sinusoidal trajectory. The experimental results obtained for each controller are summarized in Table II . The table shows the best two results (results with minimum rms errors out of all trials) obtained from each controller and subject.
Remark 2: Since the performance of a controller can depend on control gain tuning, each controller was tested across a range of control gain values. Each subject participated in two to four trials with a 20-s duration for each controller. The number of trials for each controller is limited and varies due to increasing discomfort that arises due to rapid muscle fatigue during NMES. Due to these reasons, it was not possible to compare the average of each controller results across all subjects and that is why only the best two control results for each controller were selected for statistical analysis.
Paired t-tests were also performed to confirm statistical significance in the mean differences of the rms errors, maximum steady-state errors (SSEs), rms voltages, and the maximum voltages. Since one of the t-test's assumption requires that the data samples belong to a normal distribution population, a ShapiroWilk test was employed. The results indicated that the data belongs to normal distribution except in the case of maximum SSEs obtained for PD + delay compensator. For this case, a nonparametric analogue of student's t test was employed, i.e., maximum SSEs for PD controller and the developed controller were compared using the Wilcoxn signed-ranks test (for other cases, student's t-test was employed). The statistical analysis showed that the mean differences in the rms errors and maximum SSEs were statistically significant while no statistical significance was found between mean voltages and maximum voltages. The mean rms error of 3.91 obtained with the PD controller with delay compensation was lower than the rms error of 5.30 obtained with the PD controller. Also, the mean maximum SSE and the mean maximum voltage obtained with the PD controller with delay compensation were lower than those obtained with the traditional PD controller. The respective p-values obtained from the t-test and nonparametric t-test are given in the Table II . These tests were employed by obtaining mean of the best two results in each case. The actual leg angle, error, and voltage plots obtained from subject C (as a representative example) for the PD controller with delay compensation and the PD controller are shown in Figs. 4 and 5, respectively. Although no statistical significance was found between the mean maximum voltages of both controllers, it is interesting to note that the mean maximum voltage across the subjects was lower in the developed controller, where the difference was more than 4 V. The statistically significant reduced rms error and the difference of more than 6 in the maximum SSEs suggest better performance can be obtained through the new controller. In this study, a constant 2-s desired trajectory was chosen; different desired trajectories may produce different responses (c.f. [18] and [17] ) for both controllers examined.
These results also show robustness of the controller with respect to variations in input delay values, as the delay value for a subject can vary during the length of the trial or across different trials due to fatigue (c.f. [21] and [55] and references therein). The fact that the control gain was chosen without the knowledge of the ratio (the ratio contains unknown muscle force-length and muscle force-velocity relationships, and moment arm; see Section II) shows that the gain condition in Remark 1 is sufficient but not necessary. Also, the results depict the robustness of the controller with respect to uncertainty in the ratio , since acceptable performance was obtained with different control gains B (all of the best two trials of the new controller utilized different control gain B for every but one subject).
V. CONCLUSION
A predictor-based NMES controller is developed to compensate for EMD in human skeletal muscle. A Lyapunov-based stability analysis is utilized to prove uniformly ultimately bounded tracking for an uncertain nonlinear musculoskeletal system. The result is based on a limiting assumption that the EMD is constant. In practice, EMD is a complex phenomena that depends on the initial muscle length/joint angle, and varies as the muscle fatigues; however, the experimental results in this paper (for nonfatigued muscle) indicate that the EMD is statistically not different across the tested group of individuals and for multiple tests. This result justifies the assumption of a constant EMD (for muscle that does not transition to a fatigued state). The experimental outcomes indicate statistical improvement in the tracking error when delay compensation is included and also illustrates the robustness of the controller in the presence of some uncertainty and potential variability in the delay. Future efforts will focus on the development of controllers that account for variable and/or an unknown input delay, a currently open theoretical problem for uncertain nonlinear systems. The development of such controllers would provide additional robustness to changes in the EMD potentially caused by fatigue and other factors, which is especially important since muscle fatigues more quickly during NMES than through normal physiological processes. Also, the current study implicitly includes the effects of phase delay caused by the muscle contraction dynamics. This delay was discussed in detail in [23] . Since the current paper's scope is to examine a control method that compensates for EMD, future studies are required to highlight the role of EMD and phase delay caused by the active muscle contractile element.
